Introduction: Segmental loss of bone after traumatic injury can be managed with primary amputation or attempted limb salvage with bony regeneration. We aimed to describe our experience of treating traumatic bone loss at a tertiary level one trauma center and propose an approach to help in the treatment of these patients. Methods: Ten patients were identified via a search of the hospital's medical records covering a 5-year period. Each patient was then retrospectively reviewed with injury factors, treatment options, and final outcomes. Each patient was treated based on an anatomic approach developed by the unit to manage segmental bone loss. Results: Of the patients who underwent bony regeneration, we had four distal tibial fractures: three in the upper limb and one distal femoral fracture. Both primary amputation patients had tibial fractures. The mean bone loss was 88.5 mm. We employed bone transport in four cases, Masquelet in two, a free vascularized fibular graft and soft-tissue flap in one instance, and a combination of free vascularized fibula graft and Masquelet in another case. All patients achieved union, although the mean time to union in smokers was 1403 days, compared to 499 days in nonsmokers. Complications included three returns to theater for bone grafting and three recurrent soft-tissue infections. Post regeneration, the patients had a mean Short Form-36 score of 54.2, and most of the patients were "very satisfied" with the outcome of their surgeries. Conclusion: The regeneration of bone after traumatic loss is onerous on patients, is demanding for clinicians, and requires significant health resources. It should only be considered with appropriate patient buy-in and in the absence of contraindications.
Introduction
A mangled limb poses great challenges in terms of primary stabilization and definitive reconstruction options. They are typically the result of high-energy trauma. Conventionally, surgical options for the mangled limb were limited to primary amputation. However, with advances in surgical techniques such as soft tissue coverage, micro vascular procedures, and bony regeneration, a greater proportion of limbs have been able to undergo salvage. The best evidence to date regarding amputation versus salvage comes from the Lower Extremity Assessment Project (LEAP) study, which found roughly equal satisfaction rates between the two treatment options. Patient selection and education was found to be vital for successful outcomes. [1, 2] More recently, the Military Extremity Trauma Amputation/ How to cite this article: Lau SC, Taylor P, De Villiers D, Lahy J, Chambers S, Oppy A. Regenerative techniques in the management of post-traumatic segmental bone defects at a level one trauma center. J Limb Lengthen Reconstr 2019;5:94-9.
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Limb Salvage study in military veterans has found primary amputation offers a better overall outcome than salvage procedures. [3] Posttraumatic segmental bone defects (PTSBDs) commonly occur in the mangled limb. Critical segmental defects are difficult to characterize but can be considered when circumferential bone loss of >50% occurs, or with a length of >2 cm. [4] However, before lengthy and demanding limb and bone regeneration can be considered, patient and injury suitability needs to be considered.
Patient factors/optimization
Selection of the right patient for bony regeneration is the most crucial step of treatment. Medically, factors such as smoking, glycemic control, and nutrition have been identified as key factors in achieving bony union. [5] Psychological and social variables are also crucial. The LEAP study identified that patients involved in significant lower extremity trauma were more likely to be neurotic, extroverted and less open to experiencing new activities when compared to the general population. [6] It is well documented that chronic illness is associated with poorer quality of life. [7] Repeated surgery spanning months to years in the form of bone regeneration takes a psychological toll on patients, so selection and patient preparation plays a key role.
Injury characteristics
PTSBDs are usually associated with significant soft-tissue injuries. [8] Combined decision making between Orthopaedics, Plastics and Vascular teams is necessary to determine limb viability and potential salvage. Lasanianos have argued that in instances of complex soft-tissue injuries and muscle and nerve defects, primary amputation should be considered. [9] From a bony perspective, factors such as length of bone loss, location of bone loss, and articular involvement need to be considered. If articular bone loss has occurred, arthrodesis is an option. Finally, high-velocity trauma to the limb can often be associated with polytrauma to the head, chest, or abdomen, and this can influence whether or not emergent primary amputation should occur.
Once the decision to proceed with limb salvage surgery and bony regeneration is made numerous techniques have been described to achieve this goal. Each technique has its advantages and disadvantages and the patient experience with each is different. Options include, vascularized bone grafting, often utilizing the free fibula transfer in either single, double or triple barreled formation, [10] [11] [12] bone transport, utilizing distraction osteogenesis with the help of numerous lengthening devices, [13, 14] and Vascularized Pseudomembranes (Masquelet) grafting, a two-stage technique of cancellous bone grafting within a previously created vascularized pseudomembrane. [15] [16] [17] This study represents our experience of the management of ten difficult cases of bone loss requiring bony regeneration techniques. We aim to provide both an overview of how these many techniques can be utilized for the similar but disparate cases of significant bone loss a trauma surgeon can face as well as an overview of what the patient experience is with each of these options.
Methods
At our level one trauma center, the management of patients with significant bony deficits in limb trauma follows an established protocol. Patients are admitted via our Trauma Unit and urgent surgical debridement and temporary external fixation performed in conjunction with other units such as Plastic or Vascular surgery along with any other surgical priorities. The overall management of the patient, particularly those with polytrauma, remains under the direction of the Trauma Unit.
In patients with PTSBDs, all patients are referred to an orthopedic surgeon specializing in limb reconstruction surgery. Patients are counseled at least twice about the likely prognosis of bone regeneration versus primary amputation. Where possible, this involves a formalized meeting with the patient and their family. Each patient is also given the opportunity to discuss amputation formally with a specialized amputee prosthetist and rehabilitation specialist before an ultimate decision about treatment is made. Decision-making regarding technique for bony regeneration was based on each clinical scenario and surgeon dependent.
We assessed all patients who initially presented to our tertiary level one trauma center over a 5-year period with a mangled extremity. From this cohort, we identified any patient with a segmental bone defect of >2 cm using the hospital's Health Information System. This yielded ten patients. We retrospectively reviewed each case for factors such as injury etiology, patient, fracture and soft-tissue factors. Bony reconstruction techniques were recorded (or primary amputation if this was performed). Complications and other follow-up data were also recorded. Our results included functional outcome and satisfaction scores. This was performed at a mean of 35 months. Finally, data were collected in accordance with the World Medical Association Helsinki declaration of 1975.
Results

Epidemiology
We had a total of ten patients. Their mean age at the time of injury was 36 years. There were nine males and one female. There were three smokers. Seven of the ten patients were involved in high-velocity motorized accident. The remainder had direct trauma to the limb Table 1 .
Injury characteristics
All injuries were classified based on the Gustilo-Anderson grading system. The majority were 3B injuries, and there were three 3Cs, including both patients who underwent primary amputation. The tibia was the most common site of injury. Isolated limb trauma occurred in seven cases and in the remainder, polytrauma was present. The mean bony deficit was 101.8 mm, but if the cases undergoing primary amputation were excluded, this mean decreased to 88.5 mm Table 2 .
Treatment
Bone transport with a fine wire external fixator was performed under a radiologically derived program of gradual lengthening in four instances -all of them in cases of segmental mid or distal tibial bone loss. The mean bone loss in these cases was 94.2 mm. Both primary amputations occurred after injuries to the distal tibia, with a mean bone loss segment of 155.0 mm (135.3-174.6 mm). In cases of upper limb trauma, we employed a Masquelet/pseudomembrane technique twice and a vascularized fibular-free graft once. The mean deficits in the upper limb cases were lower at 51.1 mm. We had one case of a distal femoral fracture with intact condyles which underwent a vascularized free fibula graft in a double-strutted fashion and spanning internal fixation and subsequently a delayed Masquelet procedure to fill in the remaining cortical deficits. The bony loss in this case measured 177.6 mm. Including initial debridement, the patients took a mean of eight trips to the operation theater. Most patients required soft-tissue coverage of their wounds, and this was performed by a mixture of skin grafting (3), anterolateral thigh (ALT) free flap (4), or primary closure (1) at a mean of 12.8 days postinjury. Primary amputation was performed when the treating surgeon felt the limb to be unsalvageable. In both cases, this was due to concurrent severe soft-tissue deficits.
Short-term outcomes
Bony union was achieved in all cases where regeneration was attempted. The mean time to union was 725 days. For tibial fractures, this occurred in 847 days. In smokers, the mean time to union was 1403 days compared to 499 days in nonsmokers. Complications were seen in most cases. We had three patients who needed one or multiple returns to theater for autologous bone grafting (including both smokers in the regeneration group). Three cases including one bone transport with fine wireframe had recurrent soft-tissue infection, requiring antibiotic treatment (but no operative debridement). There was one wound dehiscence of an ALT free flap that needed further debridement in theater in a patient undergoing primary amputation. Other complications included a deep-vein thrombosis, chronic regional pain syndrome (CRPS), clawing of the toes requiring a flexor tenotomy (possibly from Flexor Hallicus longus or Flexor Digitorum longus contracture), and phantom limb pain in one of the primary amputation patients. We had no instances of fracture through the regenerated bone and no instances of free fibular donor-site infection. In the amputee group, there were no instances of circumferential skin loss or lymphedema, and both patients were able to utilize a below-knee prosthesis without major difficulty.
Long-term outcomes
Patients were followed up for a mean of 2 years and 11 months (10 months-5 years and 3 months) in outpatient clinics. The mean number of appointments was 28. Tibial fractures with bone transport had a mean of forty clinic appointments -to allow for careful monitoring of limb alignment and strut or programming changes. Functionally, all patients had Short Form-36 scores performed with a mean of 54.9, and there was no correlation between smoking or satisfaction scores (P = 0.70). All patients underwent a satisfaction survey. When asked what they would do if they had their time again, all the eight patients who underwent salvage surgery agreed that they would again undergo bone regeneration. Seven of the eight patients were very satisfied with the limb salvage outcome, and one (who developed CRPS) was somewhat satisfied. Of the primary amputations, one was somewhat satisfied and the other was somewhat dissatisfied Table 3 .
Discussion
Key findings
There are a number of documented case reports, case series, and surgical techniques, which describe the methods of bony regeneration. What is missing is how these strategies and techniques can be employed in clinical traumatic scenarios, where a range of patient and anatomical factors, such as upper versus lower (or weightbearing) limb, degree of bone loss, and involvement of articular surfaces, need to be considered.
We found that the regeneration of significant diaphyseal and metaphyseal fractures and traumatic bone loss is possible. However, the decision to embark on bone regeneration should not be taken lightly -the "right" patient is difficult to describe, but absolute and relative contraindications can be identified. Above all, we have found that patient empowerment and active participation in the decision and their recovery is vital.
We principally employed vascularized bone grafting in upper limb defects. We were successful in minimizing recognized complications of donor-site morbidity, which have been documented as high as 30%. [18] Further, a study by Song et al. on the use of vascularized fibula transfer in femoral bone defects saw inferior results when compared to bone transport, secondary to problems with donor-site morbidity. [19] In addition, by taking a conservative approach to weightbearing, we had no instances of perifibular fracturing, which has been documented at 20%. [20] We found the fibulas useful as the natural cross section of the fibula could be readily used to fill cortical defects in the forearm.
We treated all our tibial defects with either primary amputation or bone transport in a Taylor spatial frame (Smith and Nephew, Memphis), a hybrid external fixator fine wire frame. A systematic review of distraction osteogenesis reported an eventual union rate of 94%, although this was associated with an increased risk of re-fracture in defects >8 cm. [21] The duration of regeneration is also lengthy in bone transport. Aronson et al. reported a mean duration of 10.8 months, [13] whereas in our series, we saw union at 27.3 months. Partly, this reflects the conservative approach to the rate of lengthening we adopted with framing. It may also reflect the extended time between initial injury and starting definitive bony regeneration for some patients in whom soft-tissue defects, wound contamination, and multiple other traumatic injuries were an issue. At our center, bone transport was usually commenced approximately 6 weeks after initial temporary external fixation. Further, their series included a large number of chronic malunion patients, which we did not include in our cohort. We did not employ novel techniques of bone transport such as dual external fixation and internal lengthening tibial nails [22] or bifocal distraction osteogenesis. [23] Late amputation is also a documented complication, which reflects the significant psychological burden prolonged framing entails. Despite our longer duration to union, we did not have any instances of late amputation, and this may reflect our rigid screening of patients for suitability for bone transport Figure 1 .
We utilized a Masquelet approach in the upper limb. There are reports of failure with graft resorption in defects >5 cm, [24] but we did not see this in our small series. Re fracture is another consideration, but we did not see this either. We had one instance of a lengthy time to union, but this is probably the result of multiple re-operations and grafting for infection. This patient was also a smoker [ Figures 1-2 ].
Interpretation and implications
Bony regeneration in trauma is a complex clinical scenario. Because they occur rarely and patients come from a variety of socioeconomic backgrounds, decision-making can be challenging. Through a retrospective review, we have been able to document the lessons we have learned in treating these patients. Most importantly, we have determined that the appropriate selection of patients remains the most important step. The results of our study including time to union and number of theater visits and outpatient appointments have been useful in the consenting process for patients. Further, the expectation of complications should be emphasized to any patient consideration regeneration. Despite achieving radiological union and relatively high satisfaction scores, it is possible that some of our patients would have been better off with primary amputation -particularly smokers. When regeneration is considered, we largely employed an anatomic approach to help determine the method of regeneration. This is documented. associated with these injuries. Added to this is the swirling background of mental illness, lower socioeconomic status, and smoking. Decision-making can be complex indeed! We found an anatomic approach useful in determining which type of bony regeneration should be considered.
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Strengths and limitations
This was a small retrospective series. There is clear selection and collection bias associated with any such study, and ours was no exception.
Conclusion
The trauma required to cause segmental bone loss is high. Significant soft-tissue defects and polytrauma are often 
